The hippocampus plays a central role in learning and memory. Although synaptic delivery of AMPA-type glutamate receptors (AMPARs) contributes to experience-dependent synaptic strengthening, its role in hippocampus-dependent learning remains elusive. By combining viral-mediated in vivo gene delivery with in vitro patch-clamp recordings, we found that the inhibitory avoidance task, a hippocampus-dependent contextual fear-learning paradigm, delivered GluR1-containing AMPARs into CA3-CA1 synapses of the dorsal hippocampus. To block the synaptic delivery of endogenous AMPARs, we expressed a fragment of the GluR1-cytoplasmic tail (the 14-aa GluR1 membrane-proximal region with two serines mutated to phospho-mimicking aspartates: MPR-DD). MPR-DD prevented learning-driven synaptic AMPAR delivery in CA1 neurons. Bilateral expression of MPR-DD in the CA1 region of the rat impaired inhibitory avoidance learning, indicating that synaptic GluR1 trafficking in the CA1 region of the hippocampus is required for encoding contextual fear memories. The fraction of CA1 neurons that underwent synaptic strengthening positively correlated with the performance in the inhibitory avoidance fear memory task. These data suggest that the robustness of a contextual memory depends on the number of hippocampal neurons that participate in the encoding of a memory trace.
The hippocampus plays a central role in learning and memory. Although synaptic delivery of AMPA-type glutamate receptors (AMPARs) contributes to experience-dependent synaptic strengthening, its role in hippocampus-dependent learning remains elusive. By combining viral-mediated in vivo gene delivery with in vitro patch-clamp recordings, we found that the inhibitory avoidance task, a hippocampus-dependent contextual fear-learning paradigm, delivered GluR1-containing AMPARs into CA3-CA1 synapses of the dorsal hippocampus. To block the synaptic delivery of endogenous AMPARs, we expressed a fragment of the GluR1-cytoplasmic tail (the 14-aa GluR1 membrane-proximal region with two serines mutated to phospho-mimicking aspartates: MPR-DD). MPR-DD prevented learning-driven synaptic AMPAR delivery in CA1 neurons. Bilateral expression of MPR-DD in the CA1 region of the rat impaired inhibitory avoidance learning, indicating that synaptic GluR1 trafficking in the CA1 region of the hippocampus is required for encoding contextual fear memories. The fraction of CA1 neurons that underwent synaptic strengthening positively correlated with the performance in the inhibitory avoidance fear memory task. These data suggest that the robustness of a contextual memory depends on the number of hippocampal neurons that participate in the encoding of a memory trace.
long-term potentiation | contextual information | spatial working memory L ong-term potentiation (LTP), a cellular model of synaptic plasticity, has been suggested to play an essential role in associative learning (1) (2) (3) (4) (5) . Fast excitatory synaptic transmission mediated by glutamate is largely used in cognitive functions, such as learning (6) (7) (8) . AMPARs are ionotropic glutamate receptors and form heterotetramers, comprised of a combination of four subunits (GluR1-GluR4) (9, 10) . A number of studies demonstrated that synaptic insertion of GluR1-containing AMPARs contributes to the synaptic potentiation during LTP and experience-dependent neuronal plasticity (8, (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) .
In the hippocampus, contextual learning leads to synaptic strengthening in CA1 (5) and requires synaptic transmission from CA3 to CA1 (25) . A mouse lacking the gene encoding the GluR1 subunit exhibits impaired hippocampus-dependent memory (26) (27) (28) (29) . Furthermore, hippocampal spines activated during fear conditioning recruit GluR1-containing AMPARs (30) . These studies, however, did not resolve whether synaptic strengthening through AMPAR delivery underlies hippocampus-dependent learning (5, 6 ).
Here we show that the hippocampus-dependent inhibitory avoidance (IA) learning paradigm delivered GluR1-containing AMPARs into CA3-CA1 synapses in the dorsal hippocampus, and that this synaptic GluR1 delivery is required for the establishment of hippocampus-dependent learning. The number of CA1 neurons with synaptic GluR1 delivery positively correlated with the performance in the IA task. These findings suggest that the fraction of neurons with synaptic strengthening through synaptic GluR1 delivery determines the robustness of a contextual memory.
Results
Hippocampus-Dependent IA Task Drives GluR1-Containing AMPARs into Hippocampal CA3-CA1 Synapses. To study the role of AMPAR trafficking in the formation of contextual memories, we used an IA learning paradigm. In this paradigm, rats are allowed to cross from an illuminated box to a dark box, where an electric footshock is delivered. Thus, rats learn to avoid the dark box and stay in a light box, which they naturally would not prefer. Acquisition of contextual memories can thereby be evaluated as the tendency to avoid the dark box (Fig. 1A) . Contextual memories created by the IA paradigm were previously shown to correlate with synaptic potentiation at CA3-CA1 synapses and an increase of GluR1-containing AMPARs in synaptoneurosomes isolated from the dorsal hippocampus (5) . To directly examine if IA learning drives functional GluR1 into hippocampal synapses, we used the "electrophysiological tagging" technique to detect synaptic incorporation of recombinant GluR1 (15) : expression of recombinant GluR1 in organotypic hippocampal slice cultures in vitro as well as in vivo leads to the formation of homomeric recombinant GluR1 channels, which (in contrast to the endogenous heteromeric AMPARs) display little outward current at positive membrane potentials (i.e., they are inwardly rectifying). Therefore, synaptic insertion of homomeric recombinant GluR1 receptors is detected as increased rectification of AMPAR-mediated synaptic transmission.
We overexpressed GFP-tagged GluR1 (GFP-GluR1) in the CA1 region of dorsal hippocampus with Herpes simplex amplicon vector (HSV)-mediated in vivo gene transfer and, 1 d later, conditioned the animals to the IA paradigm. Thirty minutes after conditioning, acute brain slices were prepared to measure synaptic transmission from CA3 to CA1 pyramidal neurons by whole-cell patch-clamp recordings (Fig. 1A) . Importantly, no difference in rectification values between infected and noninfected neurons was observed in hippocampal slices from rats that received either no IA training (untrained), rats that received a foot-shock before being exposed to the novel context (unpaired), or rats that just explored the experimental cage (walkthrough) [Fig. 1B , paired t test, not significant (ns); Fig. 1C , Kolmogorov-Smirnov (KS) test, ns]. In contrast, IA-trained animals displayed increased rectification in infected neurons than noninfected neurons, indicating synaptic incorporation of recombinant GluR1 receptors (Fig. 1B , paired t test, P < 0.001; Fig. 1C , KS test, P < 0.01). These data indicate that IA learning drives recombinant GluR1 into synapses formed from CA3 to CA1 in the hippocampus.
To address whether contextual learning drives endogenous AMPARs into CA3-CA1 synapses, we measured the ratio of AMPAR to NMDA-type glutamate receptor (NMDAR) responses (A/N) from hippocampal neurons in acutely prepared hippocampal slices (0.5-1 h after IA). The A/N ratio was significantly larger at CA3-CA1 synapses from IA-trained animals compared with those from untrained, unpaired, and walkthrough rats, suggesting that IA learning induces plasticity in CA3-CA1 synapses by increasing the relative number of postsynaptic AMPARs [ Fig. 1D , one-way ANOVA, F (3,91) = 9.375, P < 0.001; Fig. 1E , KS test, P < 0.001].
Changes in NMDAR currents can affect A/N ratios. To rule out the possibility that increased A/N ratio in IA trained animals was caused by a decrease in the NMDAR component and did not reflect increased AMPAR-transmission, we expressed fragments of the carboxyl terminal tail (c-tail) of GluR1 tagged with GFP. Expression of the full-length GluR1 c-tail (GFP-GluR1-ct) has previously been shown to selectively block the synaptic delivery of endogenous GluR1-containing AMPARs and prevent synaptic potentiation during LTP in vitro and experience in vivo (8, 12, 17) . To examine if IA induces synaptic delivery of endogenous GluR1-containing AMPARs in a more specific fashion, we focused on a region within the GluR1 cytoplasmic tail immediately after the last membrane-spanning region (the membrane proximal region, MPR: 14 aa) (31) . It was previously revealed that phosphorylation of serine residues within the MPR enhances synaptic trafficking of GluR1 potentially by increasing the interaction with actin binding protein 4.1N (31, 32) . Expression of the MPR with serines mutated to phospho-mimicking aspartates (MPR-DD) prevents synaptic delivery of endogenous GluR1-containing AMPARs presumably by trapping or occupying proteins required for their synaptic incorporation, whereas expression of an MPR peptide with serines mutated to alanine (MPR-AA) does not block LTP (31) . We expressed either MPR-DD or MPR-AA tagged with GFP in the CA1 region of dorsal hippocampus by viral-mediated in vivo gene delivery. Simultaneous paired whole-cell recordings from infected and neighboring noninfected neurons from IA-trained animals revealed that GFP-MPR-DD-expressing neurons (as well as neurons that express the full-length GFP-GluR1-ct) ( Fig. 2A ) displayed depressed AMPAR-mediated transmission compared with nearby nonexpressing neurons (Wilcoxon nonparametric test, GFP-MPR-DD, P < 0.001, GFP-GluR1-ct, P < 0.05), but untrained and unpaired rats exhibited no difference of AMPARmediated transmission ( Fig. 2 A and B, ns) . Synaptic transmission in neurons that express the control construct GFP-MPR-AA remained unaffected in IA-trained animals (Fig. 2C, ns) . The effect of GFP-MPR-DD was specific for AMPAR-mediated transmission, because NMDAR currents remained unchanged (Fig. 2B,  ns) . These findings show that IA learning drives endogenous GluR1-containing AMPARs into CA3-CA1 synapses.
Expression of these plasticity-blocking constructs did not change series resistance, input resistance, resting potential, and spikes induced by the current injection (Fig. S1 A-D) [series resistance: one-way ANOVA F (3,28) = 0.217, ns; input resistance: one-way ANOVA F (3,28) = 0.061, ns; resting potential: one-way ANOVA F (3,28) = 0.434, ns; spikes: repeated measure of ANOVA F (3,28) = 0.095, ns].
Synaptic Insertion of GluR1-Containing AMPARs Is Required for IA Learning. Is trafficking of GluR1-containing AMPARs into hippocampal CA1 synapses required for hippocampus-dependent contextual learning? Although previous reports showed that the acquisition of several forms of contextual or spatial memory is impaired in mice lacking GluR1, they did not provide evidence that contextual learning requires synaptic AMPAR delivery in the hippocampus (5, 6, 26, 27, 33) . To prevent synaptic trafficking of endogenous GluR1 receptors in behaving animals, we expressed the GluR1-plasticity blockers bilaterally in the majority of CA1 neurons within the dorsal hippocampus by viralmediated gene transfer (Fig. S1E ). One day after viral injection, the rats were subjected to the IA learning paradigm (Fig. 3A) . Aggravation of contextual learning can be measured by the shortening of the latency to re-enter a dark box after IA conditioning. Rats that were injected with viruses expressing GFP or GFP-MPR-AA avoided re-entering the dark box to the same extent as did untreated rats. In contrast, GFP-MPR-DDexpressing rats spent a significantly shorter amount of time in re-entering a dark box (Fig. 3B) . As was the case with GFP-MPR-DD, animals expressing GFP-GluR1-ct in the dorsal hippocampus also displayed impaired IA learning (Fig. 3B) [oneway ANOVA, F (4,41) = 12.109, P < 0.001]. This change in behavior of GFP-MPR-DD-or GFP-GluR1-ct-expressing animals indicates that the specific blockade of GluR1-dependent synaptic strengthening in the dorsal hippocampus impedes con- Fig. 2 . Expression of GFP-GluR1-ct or GFP-MPR-DD blocks learning-dependent synaptic delivery of AMPARs in CA1 pyramidal neurons. (A) Synaptic transmission from CA3 to CA1 pyramidal neurons was recorded simultaneously from infected and nearby uninfected with viruses expressing GFP-GluR1-ct. GFP-GluR1-ct prevented potentiation of AMPA transmission in IA-trained animals but exhibited no effect on AMPA transmission in untrained and unpaired rats. NMDA component was not affected by the expression of GFP-GluR1-ct in all three groups. (B) Expression of GFP-MPR-DD prevented potentiation of AMPA transmission in IA-trained but exhibited no effect on AMPA transmission in untrained and unpaired rats. NMDA transmission was unchanged by the expression of GFP-MPR-DD in these groups. (C) Expression of GFP-MPR-AA did not affect synaptic transmission in all three groups. For graphic expression, data were normalized: amplitudes of corresponding uninfected neurons were designated as 100%. (Upper Insets) Representative traces. The number of pairs in each group is shown in parentheses. *P < 0.05, ***P < 0.001 vs. uninfected Error bars indicate ± SEM.
textual learning in the IA paradigm. These results show that trafficking of GluR1-containing AMPARs into synapses in the CA1 region is required for the acquisition of IA learning.
Possible impairment of sensory input may affect IA learning performance. To rule out this possibility, we examined several behavioral responses to foot-shock after the bilateral viral-mediated gene transfer. Audiovisual analysis showed that neither expression of neither GFP, GFP-GluR1-ct, GFP-MPR-AA, nor GFP-MPR-DD affected the number of vocalizations (Fig. 3 C and D) [oneway ANOVA, F (4,27) = 0.119, ns] or the intensity of the startlereaction to the shock (Fig. 3E) [one-way ANOVA, F (4,27) = 0.022, ns]. Moreover, bilateral expression of the constructs did not affect spontaneous activity (Fig. 3 F and G) [one-way ANOVA, F (4,29) = 0.252, ns] or the traveled distance in the novel environment (Fig.  S2B) [one-way ANOVA, F (4,27) = 0.135, ns]. Thus, the effect of bilateral viral injection of plasticity-blocking peptide was specific to the contextual fear-learning paradigm.
Fraction of CA1 Neurons with Synaptic Strengthening Positively
Correlated with Performance in the IA Task. When we blocked GluR1-dependent synaptic plasticity in CA1 neurons of IAtrained rats, their display of contextual fear memory was largely reduced. We therefore asked whether the strength of a contextual fear memory depends on the number of hippocampal neurons that undergo synaptic strengthening. To analyze the relationship between the number of hippocampal neurons that express the plasticity blocker (GFP-MPR-DD) and performance in the IA paradigm, we bilaterally injected virus-containing solutions with different viral titers into CA1 region of dorsal hippocampus (Fig. 4 A-C) . Immunostaining with a neuron-specific marker (MAP2) showed that most of infected cells were neurons and visualized the fraction of infected neurons (Fig. S1E) . Twenty-four hours after delivery of the virus, the rats were subjected to the IA task and their tendency to avoid the dark side of the cage was measured. We found a logarithmic negative correlation between the number of GFP-MPR-DD-expressing cells and the latency to re-enter the dark box (Y = −45.093 log 2 X + 620.0, R 2 = 0.964, P < 0.001) (Fig. 4D ). These data suggest that the robustness of contextual memories corresponds to the number of CA1 neurons that underwent GluR1-dependent synaptic strengthening.
Discussion
Although previous reports showed that learning induces synaptic strengthening in the hippocampus and is disrupted in mice lacking GluR1 or with reduced expression of GluR1 in the dorsal hippocampus (34), they did not provide evidence that synaptic AMPAR delivery in the hippocampus is involved in and required for contextual learning (5, 6, 26, 27 ). Here we showed that synaptic AMPAR delivery was driven by hippocampus-dependent IA learning. Furthermore, we found that expression of blockers of synaptic GluR1 trafficking in the CA1 region of dorsal hippocampus largely attenuated IA learning. These findings indicate that trafficking of AMPARs into CA3-CA1 synapses is required for rapid contextual learning, providing further evidence of molecular events in the synaptic changes during hippocampusdependent learning.
Although we detected IA-induced synaptic AMPAR delivery at pyramidal synapses in the CA1 region of the dorsal hippocampus (Fig. 1) , IA could also drive GluR1-containing AMPARs into synapses at inhibitory interneurons. In fact, parvalbuminpositive interneurons provide many GluR1-positive synapses (35) and display high inward rectification of AMPAR-current (36) . Although it is not clear if learning induces synaptic delivery of AMPARs at GABAergic interneurons, learning-dependent increase in GABA release in the CA1 area (37) may be caused by the increase in excitatory inputs to interneurons. In the present study, it is possible that the blockade of synaptic AMPAR delivery at interneurons also contribute to the impairment of learning, because GFP-GluR1-ct and GFP-MPR-DD can be expressed at CA1 inhibitory interneurons.
The A/N ratio was increased between 0.5 and 3 h after the IAconditioning and gradually returned to the base-line 6 h after conditioning (Table S1 ). Importantly, IA memory was still maintained for at least 6 h (Fig. S3 ). These observations suggest that the rapid synaptic AMPAR insertion may be followed by a slow NMDAR trafficking into strengthened synapses that resets the A/N ratio (38) . Alternatively, an initial strengthening of a subset of synapses through addition of GluR1-containing AMPARs is over time gradually compensated by a removal of AMPARs from nonpotentiated synapses (39, 40) . Both of these processes could be used by a neuron to actively maintain a constant A/N ratio. The first hours after conditioning, when A/N ratios are increased, also seem to be the period when the memory is more labile. Bilateral 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) microinjection into CA1 attenuated IA memory formation tested at 24 h after IA conditioning when CNQX was infused at 0 or 3 h after conditioning, but memory remained intact when CNQX was infused at 4.5 or 6 h after conditioning (41) . A resetting of A/N ratios may therefore contribute, among other molecular mechanisms (42, 43) , to the stabilization of long-term memories.
There exists a discrepancy of phenotypes between GluR1-deficient mice and animals injected with GluR1-dependent plasticity blockers in the CA1 region of the dorsal hippocampus. GluR1-deficient mice exhibit spatial working memory deficits, are hyperactive, and display increased basal anxiety (44) . In contrast, rats that bilaterally expressed GluR1-plasticity blockers in the dorsal hippocampus did not exhibit these altered phenotypes; they displayed normal spontaneous activity, normal anxiety levels (Fig. 3 F and G) , and did not show an impairment in the Y-maze alteration task (a learning paradigm for spatial working memory) (Fig. S2A) [F (4, 27) = 0.227, ns]. These data suggest that GluR1-dependent plasticity outside the dorsal hippocampus is involved in basal anxiety behavior and spatial working memory. Together with the previous report that the genetic inactivation of CA3-CA1 fibers in TeTX transgenic mice impaired rapid one-trial contextual learning without changing in the spatial learning performance (25) , blockade of synaptic GluR1 delivery at CA3-CA1 synapses could result in specific impairment of rapid one-trial contextual learning, but spatial working memory and behaviors related to anxiety likely depend on GluR1-dependent synaptic functions in other brain areas.
In behaving animals, in vivo neuronal ensemble recordings showed that CA1 neurons not only contribute to form place fields (45, 46) , but also exhibit specific encoding patterns to contextual stimuli (47) . Moreover, the spatial or contextual information seems to interact with each other in a population of CA1 neurons (48) . In neuronal recording experiments in conscious human beings, some hippocampal recording units that synchronously responded to a specific video-clip were spontaneously reactivated by the free-recall session, providing evidence of episodic memory trace at the single cellular level (49) . Although neuronal evidence transmitting contextual data are not well characterized, a computational theory of the hippocampus proposes a role of the hippocampus acting as a kind of memory device (50) . One neuron responding to stimulation according to the all-or-none principle is considered as an all-or-none device (51, 52) . Because theory of information (53) defines a principal formula of information [H = log 2 S, where H = information (bits), and S = the number of possible symbols], one all-or none device may process 1-bit of memory per clock cycle (log 2 2 = 1 bit). In the present study, we found strong logarithmic correla- tion between the number of cells expressing plasticity blocker and the learning performance (Fig. S4) , supporting the view that each CA1 neuron transmits data forming contextual memory such as what, where, or when. Although specific memory traces of contextual information are yet to be identified, the logarithmic correlation may provide evidence that hippocampal CA1 neurons transmit essential signals of contextual information.
Materials and Methods
IA Learning. On the training day, rats were moved into an electromagnetic-and sound-shielded room with IA training apparatus. The apparatus is a twochambered box consisting of a lighted safe side and a dark shock side separated by a trap door. During training, rats were placed in the safe side of the box facing a corner opposite the door. After the opening of the trap door, rats entered into the dark box at will. The latency to enter the novel dark box was measured as a behavioral parameter (i.e., latency before IA learning). Four seconds after the animals entered the dark side, we closed the door and applied scrambled electrical foot-shock (2 s, 1.6 mA). Thirty minutes after the learning, rats were placed in the light side box again. The latency to enter the experienced dark box was measured as a learning performance (i.e., latency after IA learning).
Detailed experimental procedures are described in SI Materials and Methods.
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Mitsushima et al. 10 .1073/pnas.1104558108 SI Materials and Methods Animals. Male Sprague-Dawley rats (postnatal 4-5 wk of age) were used. Rats were housed on a constant 14-h light/dark cycle (light on: 0500-1900 hours) with ad libitum access to water and food. All animal housing and surgical procedures were in accordance with the guidelines of the Institutional Animal Care and Use Committee of the Animal Research Center, Yokohama City University Graduate School of Medicine.
Surgery. Recombinant genes (GFP, GFP-GluR1, GFP-GluR1-ct, GFP-MPR-DD, GFP-MPR-AA) (MPR, membrane proximal region) were cloned by using standard methods into a Herpes simplex virus (HSV)-amplicon vector (1) . Rats were anesthetized with pentobarbital and positioned in a stereotaxic apparatus (Narishige). Injections of viral solutions (∼4 μL per injection) were delivered with a microsyringe through a skull window (approximately 1 mm 2 ) by pressure application (Quintessential Stereotaxic Injector; Stoelting Co.). Single unilateral injection in right side of the hippocampus was performed for whole-cell recordings. The viral solution was bilaterally injected for behavioral analyses (one to approximately three injections per side). Lower titer of viral solution (one injection per side) was used for the sparse expression of GFP-MPR-DD or GFP-MPR-AA (Fig.  4) . Subsequently, the skull and skin were repositioned and maintained with cyanacrylate glue. Animals infected with the HSV vector were kept in individual cages. Before behavioral training, we waited 24 h to express recombinant proteins.
Inhibatory Avoidance Learning. On the training day, rats were moved into an electromagnetic-and sound-shielded room (length: 1.2 m, width: 2.2 m, height: 2.3 m) with inhibitory avoidance (IA) training apparatus (length: 25 cm, width: 62 cm, height: 45 cm). The apparatus is a two-chambered Perspex box consisting of a lighted safe side and a dark shock side separated by a trap door. During training, rats were placed in the safe side of the box facing a corner opposite the door. After the opening of the trap door, rats entered into the dark box at will. The latency to enter the novel dark box was measured as a behavioral parameter (i.e., latency before IA learning). Four seconds after the animals entered the dark side, we closed the door and applied scrambled electrical foot-shock (2 s, 1.6 mA) via electrified steel rods in the floor of the box (2). Rats were given 10 s in the dark compartment before being returned to their home cages.
Thirty minutes after the learning, rats were placed in the lightside box again. The latency to enter the experienced dark box was measured as a learning performance (i.e., latency after IA learning). Then, rats were killed with an overdose of pentobarbital. For untrained control (non-IA), rats were injected same dose of pentobarbital at their home cage without IA learning. For unpaired control (foot-shock only), rats were housed in the darkside box, and applied scrambled electrical foot-shock (2 s, 1.6 mA) without any contextual experience. For walk-through control (walk-through), rats were placed in the IA training apparatus and allowed to explore for 1 min.
Electrophysiological Recordings. One day after virus injection, rats were anesthetized with pentobarbital and acute brain slices were prepared and whole-cell recordings were performed as previously described (3) . No viral injection was performed for the analysis of AMPAR/NMDAR (A/N) ratio (Fig. 1D) . Briefly, brains were quickly perfused with ice-cold dissection buffer (25.0 mM NaHCO 3 , 1.25 mM NaH 2 PO 4 , 2.5 mM KCl, 0.5 mM CaCl 2 , 7.0 mM MgCl 2 , 25.0 mM glucose, 110.0 mM choline chloride, 11.6 mM ascorbic acid, 3.1 mM pyruvic acid) gassed with 5% CO 2 /95% O 2 . Coronal brain slices were cut (350 μm, Leica vibratome, VT-1200) in dissection buffer and transferred to physiological solution (22-25°C, 118 mM NaCl, 2.5 mM KCl, 26 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 10 mM glucose, 4 mM MgCl 2 , 4 mM CaCl 2 , ph7.4, gassed with 5% CO 2 /95% O 2 ). The recording chamber was perfused with physiological solution containing 0.1 mM picrotoxin, 4 μM 2-chloroadenosine at 22 to 25°C. For rectification experiments, we added 0.1 mM DL-APV to perfusate to block NMDARs. Patch recording pipettes (4-7 MΩ) were filled with intracellular solution (115 mM cesium methanesulfonate, 20 mM CsCl, 10 mM Hepes, 2.5 mM MgCl 2 , 4 mM Na 2 ATP, 0.4 mM Na 3 GTP, 10 mM sodium phosphocreatine, 0.6 mM EGTA at ph7.25). Whole-cell recordings were obtained from infected or uninfected CA1 pyramidal neurons of rat hippocampus with Axopatch -700B amplifier (Axon Instruments). There were no significant differences in input or series resistance among groups. Bipolar tungsten stimulating electrodes were placed in CA1 ∼200 to 300 μm lateral from recorded cells. Stimulus intensity was increased until a synaptic response of amplitude > ∼10 pA was recorded. When recording simultaneously from two cells, stimulus intensity was increased until (i) both cells showed response > ∼10 pA, or (ii) one cell showed response > ∼10 pA and a stronger stimulus produced epileptiform bursting. Synaptic AMPAR-mediated responses at -60 mV and +40 mV were averaged over 50 to 100 trials and their ratio was used as an index of rectification. For paired recordings, infected and nearby uninfected cells (∼100 μm) were whole-cell accessed and a synaptic response to stimulus was recorded from both cells simultaneously (3) . A/N ratios were calculated as the ratio of peak current at −60 mV to the current at +40 mV 150 ms after stimulus onset (40-60 traces averaged for each holding potential). For current clamp recordings, pipettes were filled with 130 mM K-Gluconate, 5 mM KCl, 10 mM Hepes, 2.5 mM MgCl 2 , 4 mM Na 2 ATP, 0.4 mM Na 3 GTP, 10 mM Naphosphocreatine, 0.6 mM EGTA at pH 7.25. Liquid junction potential was not corrected. Number of spikes during 300-ms current injections (from −100 to +400 pA) was counted in uninfected or infected neurons.
Shock Test. One day after virus injection, some rats were subjected to a shock test to analyze the behavioral responses to electrical foot-shock. Rats were housed in a lighted Perspex box for 5 min; we started an audiovisual recording (Canon Inc,). Then, rats were applied scrambled electrical foot-shock via electrified steel rods in the floor of the box (2 s, 1.6 mA). Vocalization was identified by frequency analysis using sound analyzing software (Sonic Visualizer v.1.7.1, developed by Queen Mary University of London, London, United Kingdom). Jump was defined as simultaneous release of four legs from the rod by simple jump or running. Behavioral response was analyzed using a video controller (QuickTime Player Pro, Apple Inc.).
Spontaneous Locomotor Activity. One day after virus injection, some rats were monitored the 24-h spontaneous locomotor activity in the shielded room (Fig. 3F ). Rats were individually housed in cylindrical plastic cages (diameter: 35 cm, height: 45 cm) placed on dielectric constant sensors with counters (DAS-008, Neuroscience Inc.). The activity was evaluated by changes in the dielectric constant and recorded in a personal computer every 20 min using an interface unit (4).
Histology. For histological analyses, rats were deeply anesthetized and perfused with ice-cold 4% paraformaldehyde dissolved in 0.1 M phosphate buffer (PB, pH 7.4). Brains were postfixed overnight with 4% paraformaldehyde dissolved in PB and kept in 20% sucrose in PB at 4°C. Each brain was then stored in a sealed container at −75°C until tissue sectioning and immunocytochemical incubation. Frozen coronal sections (20 μm thick) in HSV-injected rats were sequentially cut through the forebrain using a cryostat (OT/FAS; Bright). Then, sections were washed in 0.1 M PBS (pH 7.4), and incubated overnight at room temperature with a primary antibody against the neuron-specific marker protein MAP2 (1:2,000, clone HM-2; Sigma) or NeuN (1:500, clone A60; Chemicon) diluted in PBS containing 0.05% Triton X and 1.5% normal horse serum. The antigen-antibody complex was detected using a secondary antibody conjugated with fluorescent marker Alexa594 (Molecular Probes) diluted 1:250 in PBS containing 0.05% Triton X and 1.5% normal horse serum. Sections were further counter stained by DAPI (Molecular Probes) and washed in PBS. Finally, sections were coverslipped with aqueous mounting medium (Gel/Mount; Biomeda). Each slide was scanned and analyzed using a fluorescent microscopy (BX60; Olympus) or a confocal laser microscopy (FV1000; Olympus). Infected cells in the dorsal hippocampus were counted in sections for each animal [corresponding to plates 31-39 in Paxinos and Watson (5)]. We confirmed that most of infected cells were positive to neuron specific markers (Fig. S1E) . The final number of infected cells in the CA1 cell layer was estimated using the following formula: Nv = Nt/(t + D), where Nv = the estimated final number of cells, n = the counted number of cells, D = mean diameter of soma, and t = thickness of the section (6).
Statistics. Rectification index was analyzed by paired t test. Cumulative distribution was analyzed by Kolmogorov-Smirnov (KS) test. A/N ratio or behavioral parameters were analyzed by oneway factorial ANOVA where the variable was treatment group. The ANOVA was followed by post hoc analysis with the Fisher protected least-significant difference test. Data of paired recordings were analyzed by the Wilcoxon nonparametric test. To evaluate the correlation between two parameters, Pearson's correlation coefficient and slope of the best-fit line were calculated. P < 0.05 was considered statistically significant. S3 . The latency to enter the dark box was sustained 6 h after IA learning. *Significant difference (t test, n = 6, P < 0.001 vs. before). Normalized AMPA/NMDA ratios (means ± SEM) are shown. The mean ratio before IA training is expressed as 100%. Number of cells are shown in parentheses. *Significant difference (one-way ANOVA followed by post hoc test, P < 0.01).
